That immunity in malaria is dependent on the combined interaction of both cellular and humoral agencies now seems clear. Cannon and Taliaferro (1931) , Taliaferro and Cannon (1936) , Taliaferro and Mulligan (1937) , among others, proved the importance of the lymphoid-macrophage system in defence against malaria. Coggeshall and Kumm (1937, 1938) , Mosna (1938) , and others have presented proof of the existence of protective antibodies in the blood of monkeys with a high degree of acquired immunity. Manwell and Goldstein (1938, 1940) , Hegner and Dobler (1939) , Taliaferro and Taliaferro (1940) , and others have shown that similar protective humoral antibodies occur in avian malaria. were the first to demonstrate clearly the effects of correlated interaction of both cellular and humoral agencies in simian malaria. Their observations suggested that the enhanced value of the immune serum they used in treating Plasmodium knowlesi infections was directly correlated with the degree of "stimulation" of the lymphoid-macrophage system caused by previous infection with P. cynomolgi. Their results seemed to indicate that cellular and humora] agencies in malarial defence were so closely interdependent that, under the conditions of their experiments, a full measure of one was relatively ineffective in the absence of an adequate measure of the other.
In the first experiments of our series (Mulligan et al., 1941; we found that repeated injections of large numbers of inactivated sporozoites of P. gallinaceum into domestic fowls brought about a partial immunization against mosquito-borne infection with the homologous Plasmodium. This paper reports not only more experiments of this sort but also experiments in which serum instead of inactivated sporozoites was used, and finally experiments in which both were used to test the effect of combined cellular and humoral defence stimulation. * These studies were made under the auspices and with the support of the International Health Division of The Rockefeller Foundation cooperating with the Pasteur Institute of Southern India, Coonoor, India. The authors are indebted to Mr. P. Balarama Menon for technical assistance. 477
rMMUNIZATION AGAINST MOSQUITO-BORNE P. GALLINACEUM
Materials and Methods
Materials and methods have already been described (Russell et all, 1942) and any exceptions or additions will be noted as indicated below. Each of the infections reported in this paper was caused by the bites of two infective mosquitoes. This yielded a fairly large infective dose of sporozoites which was employed because we have found that occasionally no infection in a susceptible fowl will follow the bite of one mosquito though on subsequent dissection there are seemingly normal sporozoites in its salivary glands. This may be due to occasional abnormal blocking of the salivary duct of the mosquito, though we have not been able to prove this. In all cases the infecting mosquitoes were dissected to prove the presence of sporozoites in salivary glands.
Mosquitoes were incubated at about 80°F. with about 80 per cent relative humidity for development of sporozoites.
Mortality among experimental fowls due to intercurrent diseases was a serious problem. For example, the 69 previously unpublished experimental fowls listed in Tables II, VII , and XlI were the balance from 144 with which the experiments were started. In other words, 52.1 per cent of our birds died either before infection by mosquito or during the prepatent period thereafter. Except in the cases of fowls 349 and B 97 any fowl dying with a positive blood smear was considered to have died from malaria. In the cases of 349 and B 97 signs of the virus disease called "drooping sickness" were unmistakable. The percentage of red cells infected when No. 349 died was only 12 and in B 97 it was less than 1 per cent. No control fowl in the entire series died with a percentage of red cells infected of less than 21. Therefore, Nos. 349 and B 97 were classed as casualties prior to completion of experiment. Control fowls naturally were much less affected, and only four, or 5.5 per cent, of 73 died of intercurrent disease. The combined mortality rate for both experimental and control animals from intercurrent disease was 36.4 per cent.
We gave much time and attention to this difficulty, practising strict quarantine and scrupulous cleanliness, using pyrethrum sprays and powder for insects. The fowls were purchased locally and were of decidedly poor quality. It would undoubtedly have been much wiser to have incubated our own supply, not only to avoid the cholera, influenza, pox, virus diseases, etc., which afflicted the fowls, but also for greater uniformity of experimental animal.
Some deaths were due to anaphylactic shock, some to embolism, and perhaps some to infection introduced with dried ground thoraces of mosquitoes, but the majority died of recognizable infectious fowl diseases.
Results of Sporozoite Vaccination
In Table I are shown data from a series of 10 fowls (A 2, 4, 5-7, 11-14, 22) which received sporozoite vaccination only. Each fowl received five intravenous injections of a saline suspension of ground dried thoraces of infective mosquitoes, between July 23 and August 18, the numbers of mosquitoes used for each fowl totalling 220. In each case the agglutinating titre of fowl serum for homologous sporozoites was tested and in no case was it below 1/65,536 dilution. Each fowl was infected by the bites of two infective A~des albopictus mosquitoes, 15 days after these insects had taken their infective blood meal. Five control birds (A 36-40) were bitten by two mosquitoes from the same lot, and one (A 41) by two mosquitoes 25 days after their infective meal. It will be seen (Table I) that the average incubation periods were 8.8 and 9.3 days in experimental and control fowls, respectively. The mortality rates were 30.0 and 66.7 per cent, respectively. Parasite counts were made and the percentages of red blood cells infected are shown by daily count in the table. The average of the highest percentages was 20.5 in the experimental birds and 42.8 in the controls.
In Table II are grouped together a total of 19 fowls which were infected after sporozoite vaccination. The first two series have already been published (Mulligan et aI., 1941; . It will be seen that the average incubation period for the combined series was 8.9 days, the average mortality 21.1 per cent and the average of highest percentages of red cells infected was 20.5 (only the last series counted in this way). These data may be compared with those for normal or control fowls shown in Table III . Here we have combined 11 series, the first two of which have already been published (Mulligan et al., 1941; . The combined total of normal, i.e., Table I Each fowl bitten by two infective mosquitoes. * First series published Mulligan et al., 1941 . Second " " Russell et al., 1942 untreated fowls was 83, and among these the average prepatent period was 9.1 days, the average mortality 55.4 per cent, and the average of highest percentages of red cells infected 30.1 (three series, as shown, not counted in this way). The sporozoite vaccination apparently produced a partial immunity. It is not entirely clear why the last series of vaccinated fowls (A 2, 4, 5-7, 11-14, 22) had a higher mortality than the first 9 birds but we suspect it was because the mosquitoes used were younger. We have now found that generally there is a greater degree of infection cafised in fowls by mosquitoes 15 days or less after their infective feed than by those used 19 days or more afterwards. In the earlier series we generally used older mosquitoes. 
Results of Serum Treatment
In Tables IV to VI are shown data regarding fowls receiving prophylactic serum treatment. The first series (359, 360, 362, and 368) received seven daily intraperitoneal injections of 1 cc. normal sheep serum, from June 23 to 30, and were bitten by two infective A. albopictus mosquitoes, 19 to 25 days after their infective feed, on July 1 (Table IV) . Agglutination tests were made and no titre higher than 1/256 dilution was found. Six control birds (395-400) were used and each was bitten by two mosquitoes of the same lot used for the Each fowl bitten by two mosquitoes 19 to 25 days after their infective meal. N= negative smear; D= died of malaria; S R= spontaneous recovery; -k-= positive smear but less than 1 per cent of red cells infected. Counted in totals as 1 per cent. experimental birds. The prepatent period averaged 9.8 days in both experimental and control fowls. The mortality rate in the former was nil and in the latter 33.3 per cent. The average of highest percentages of red cells infected was 12.8 in the experimental and 29.7 in the control fowls.
Data from the second series (A 90, 91, B 64-69) are shown in Table V . Each fowl received seven daily intraperitoneal injections of 1 cc. of serum pooled from a number of fowls having chronic malaria due to the homologous Plasmodium. Each was bitten by two infective A. albopictus mosquitoes 11 days after their infective meal. These mosquito feedings were made after the fourth injection of serum so that each fowl received 3 cc. of serum after infection. It will be seen (Table V) that the average prepatent period was 8.2 days and in 4 control birds (B 70, 72, 73, 75) it was 9.8 days. The mortality was 25 per cent in experimental and 100 per cent in the control fowls. The average of 
Each fowl bitten by two mosquitoes 11 days after their infective meal. N = negative smear; D = died of malaria; S R = spontaneous recovery; + --positive smear but less than 1 per cent of red cells infected. Counted as 1 per cent in totals.
highest percentages of red cells infected was 13.1 in the former and 41.2 in the latter.
Data from the third series (B 85, 91, 93, 94, 96, 100) are shown in Table VI . These fowls each received seven daily intraperitoneal injections of 1 cc. normal sheep serum, between November 18 and 24. Each was bitten by two A~des albopictus mosquitoes on November 26, 11 to 12 days after these insects had taken their infective meal. There were five controls (D 1, 2, 4--6) each bitten by two mosquitoes of the same lot. The average prepatent period was 9.2 days in the experimental and 8.2 in the control fowls. The mortality rate in the former was 16.7 per cent and it was 40.0 per cent in the latter. The average of highest percentages of red cells infected was 27.8 in the experimental birds and 22.4 in the controls. 
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Ex Oerimental In Table VII we have combined the above three series of fowls receiving serum treatment. It will be seen that the average prepatent period was 8.9 days, the average mortality 16.7 per cent, and the average of highest percentages of red cells infected 17.9 per cent. These data may be compared with those for vaccinated fowls in Table II and for normal fowls in Table III . It will be seen that average prepatent period and mortality rate were 8.9 days and 21.1 per cent for combined series of vaccinated fowls, compared with figures of 9.0 days and 55.4 per cent for normal fowls.
If the fowls receiving sheep serum are grouped there is a total of 10, with an average incubation period of 9.4 days, a mortality of 10.0 per cent, and an average of highest percentages of red cells infected of 21.8 per cent. There were 8 birds which received chronic fowl serum and the corresponding data are 8.2 days' average incubation period, 25.0 per cent mortality, and 13.1 per cent average of highest percentages of infected red celts. The numbers are too small to make much of these somewhat contradictory findings.
Results of Combined Serum Treatment and Sporozoite Vaccination
In Tables VIII to XI are shown data for three series of fowls which were given combined prophylactic serum and sporozoite vaccination. Table IV cc ~ V " " VI Table VIII presents data for the first series (231,233-239, 241,272) . These fowls each received five intravenous injections of saline suspensions of ground dried thoraces of infective mosquitoes between April 17 and May 12, the number of mosquitoes used for each fowl totalling 270. Each fowl also received seven daily intraperitoneal injections of 1 cc. normal sheep serum from May 10 to 16. On May 19 each was bled for agglutination test and each was bitten by two infective mosquitoes, probably but not certainly from 15 to 20 days after the insects had had their infective blood meal. (Probably but not certainly A~des albopictus. Any exceptions were Armigeres obturbans.) There were 10 control birds (319-328) each bitten by two infective mosquitoes from the same lot.
It will be seen (Table VIII) that the average prepatent period was 8.2 days in the experimental animals and 8.8 days in the controls. The mortality rate was nil in the protected fowls and 30.0 per cent in the controls. The average of highest percentages of parasite infected red cells was 18.3 in the former and 25.4 in the latter. In Table IX are shown data from the second series (346, 353, 357, 388, 389, 393, 409) having both serum and vaccination treatment. Each fowl, between June 19 and July 18, received intravenous injections of saline suspensions of salivary glands dissected from 40 infective mosquitoes and exposed to ultraviolet radiation for 30 minutes to inactivate the sporozoites. Fowl 346 received glands from a total of 280 infective mosquitoes, fowls 353, 357, 388 from 240, and the others from 200 infective mosquitoes, respectively. From June 14 to 18 each fowl received an injection of 1 cc. of fowl serum pooled from fowls having a chronic infection with the homologous Plasmodium. The injections were given intravenously and intraperitoneally, alternately. Tests of the agglutinating titre of these fowls against homologous sporozoites were made on July 20. The results are shown in Table IX . In no case was the titre less than 1/131,072 and in three cases it was at 262,144, which is a high dilution.
Each fowl, experimental and control, was bitten on July 20 by two infective A~des albopictus mosquitoes 20 to 25 days after the insects had had their infective blood meal. As shown in Table IX second series was 11.3 days, the mortality rate was 20.0 per cent, and the average of highest percentages of red ceils infected was 20.4 per cent.
In Table X are shown the data for the third series (A 46, 48, 50, 51, 53, 60) having combined prophylactic treatment. Each fowl received five intravenous injections of a saline suspension of ground dried thoraces of infective mosquitoes, between August 20 and September 13. A total of 200 mosquitoes was used for each fowl. From September 15 to 20 each fowl received daily 1 cc. intraperitoneaUy of pooled sera from fowls chronically infected with the homologous P. gallinaceum. On September 17 each fowl was bitten by two infective A. albopictus 15 days after the insects had had their infective blood meal. Thus there were three injections of serum after the mosquitoes had infected the fowls. There were six controls (A 93-98) each bitten by two infective mosquitoes in the same lot.
As shown in Table X , the average incubation periods were 8.2 and 7.8 days in experimental and control fowls, respectively. The mortality rate in the former was 16.7 per cent and in the latter 50.0 per cent. The average of highest percentages of red cells infected was 15.5 in the experimental fowls and 33.2 in the controls. The fourth series (B 5-7, 9, 10, 12, 13, 16, 19, 21-23, 26, 31, 32) having combined prophylactic treatment is shown in Table XI . Each of these 15 fowls received six intravenous injections of saline suspensions of ground dried :thoraces from infective mosquitoes between September 19 and October 16, a total of 240 mosquitoes being used for each fowl. Daily intraperitoneal , 353,357, 388, 389, 393,401-3, 409 3 A 46, 48, 50, 51, 53, 60 4 B 5-7, 9, 10, 12, 13, 16, 19, 21-23, 26, 31, 32 Totals ...........
Remarks
See Table VIII See Table IX See Table X See Table XI injections of 1 cc. of pooled sera from fowls chronically infected with the homologous Plasmodium were given to each fowl from October 20 to 26. On October 22 each fowl was bitten by two infective A. albopictus mosquitoes, 11 days after these insects had had their infective blood meal. Thus there were four injections of serum after the fowls were infected by the mosquitoes. There were six controls (B 76-81) each of which was bitten by two infective mosquitoes of the same lot. As shown in Table XI the average prepatent periods were 10.1 days in the experimental fowls and 9.0 in the controls. The mortality rate in the former was nil while in the latter it was 100 per cent. The average of highest per-centages of infected red cells in the experimental fowls was 9.0 and in the controls 41.7.
In Table XII the four series that had combined treatment have been grouped together. The total of 41 fowls had an average prepatent period of 9.7 days, an average mortality of only 7.3 per cent, and an average highest percentage of infected red cells of 15.0 per cent.
DISCUSSION
The data for the grouped series of experiments can be briefly summarized as follows:--
Description
Normal fowls (Table III) Fowls having sporozoite vaccination (Table II Several interesting points emerge. In the first place, none of the experimental procedures in these attempts to immunize fowls against P. gallinaceum had any great effect on the duration of the prepatent period, which has varied between 7 and 20 days. There was some evidence of a slight prolongation of this period in the series receiving combined treatment and reported in Tables IX and XI. Here the prepatent periods averaged 11.3 and 10.1 days, respectively.
The prepatent period following mosquito-borne infection was longer than that following intravenous inoculation by trophozoites, as has been noted by others. In the latter infections, the prepatent period varied from 1 to 6 days with an average of 2.8 days in 12 fowls. The larger the inoculation of trophozoites the shorter the period.
In the second place, this report confirms the earlier results in indicating that fowls can be actively immunized to some extent against mosquito-borne infections of P. gallinaceum by vaccination with homologous inactivated sporozoites.
In the first report the mortality rate in six vaccinated fowls with sporozoite agglutinating titres of 1/32,768 or higher was nil (Mulligan et al., 1941) .
But only two of these (127 and 150) had been fed on by two mosquitoes. The others were bitten by only one infective mosquito. Seven more cases were reported in the second report all bitten by two mosquitoes but using mosquitoes probably, but not certainly, 20 days after their infective blood meal. The mortality rate was 14.3 per cent in this series. In the third series reported here for the first time (Table I) there were 10 fowls, fed on by two mosquitoes 15 days after infective meal, and the mortality rate was 30 per cent. The combined average mortality rate for the 19 fowls was 21.1 per cent, which was less than half that of normal fowls similarly infected. This is a significant measure of immunization, although in no case was infection prevented.
Thirdly, we have shown (Table VII) that serum injections produced a similar partial immunity, so that an average mortality of 16.7 per cent prevailed. As will be reported elsewhere we know that such serum injections, whether of normal sheep serum or of sera pooled from fowls infected with the homologous Plasmodium, will enlarge the fowl spleen to nearly double its normal volume. On section these enlarged spleens showed a histological picture which, except for absence of parasites, pigment, thrombi, and infarcts, was analogous to that of the enlarged spleen of acute malaria. (See also Manwell and Goldstein, 1940 .) Therefore, we believe that by the serum injections we stimulated the cellular defence mechanism against malaria. Whether or not the humoral elements were also stimulated, and to what extent there was passive immunity, we cannot say. But in one series (Table IV) there was no evidence of any rise in the agglutinating titre of the fowl serum against homologous sporozoites.
Fourthly, it was in the grouped series of 41 fowls (Table XII) which had had both humoral stimulation by sporozoite vaccination and cellular stimulation by serum treatment that we see the greatest immunizing effect. In these fowls the average mortality was only 7.3 per cent, as contrasted with a normal mortality of 55.4 per cent. The numbers in each group were large enough so that this difference in immunity rates is statistically highly significant. During the course of infection in these birds the percentage of red cells found infected in daily counts was never over 50 per cent except in two of the three fatalities (388 and A 50) in which it was 63 and 55 per cent, respectively. The average of the highest daily percentages of red cells infected in this group of 41 fowls was 15.0 per cent as contrasted with 30.1 per cent for normal fowls. The average percentage of red cells infected immediately prior to death was a little higher in the vaccinated groups than in the controls.
The course of infection in the three series of experimental fowls and in the controls is presented in Table XIII , where the average percentages of red cells infected are shown by days throughout infection, in the fowls which spontaneously recovered. The data have been plotted in Chart 1. It will be noted having both serum and vaccination the corresponding fall extended from the 15th to 19th day.
While we did not succeed in preventing infection in any fowl by the combined prophylactic treatment our test was a severe one, for the infecting dose of two mosquitoes was a relatively large one. We believe the results tend to confirm and extend in fowls the findings of in monkeys, which demonstrated the interaction of both cellular and humoral agencies in defence against malaria.
SUMMARY AND CONCLUSIONS
This paper reports attempts to immunize domestic fowls against mosquitoborne infections of Plasmodium gallinaceum by means of (a) vaccination with inactivated homologous sporozoites; (b) injections of sera, both normal sheep serum, and serum from fowls chronically infected with the homologous Plasmodium; (c) combinations of both sporozoite vaccine and serum.
It was possible to reduce the normal malaria death rate (55.4 per cent) in these fowls by each of the above methods but most markedly by the combined prophylactic treatment. Mortality rates were 21.1 per cent in vaccinated fowls, 16.7 per cent in serum-treated fowls, and 7.3 in those having the combined treatment.
Intensity of infection was measured by counting the percentage of red cells infected each day. It was found that in each group of fowls having prophylactic treatment the average of highest percentages of red cells infected was less than in untreated malarious fowls (30.1 per cent). The average figure was 20.5 per cent in vaccinated fowls, 17.9 per cent in those having serum injections, and 15.0 per cent in those having combined treatment.
The prepatent period was not markedly affected by any of the prophylactic procedures. It averaged 9.1 days in the untreated group, 8.9 days in both the vaccinated and serum-treated groups, and 9.7 days in the group having combined treatment.
The results seemed to demonstrate an interaction of both cellular and humoral agencies in defence against malaria, since the greatest immunizing effect was seen in the series having both sporozoite vaccine and serum injections.
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